High-rate spatial atomic layer deposition (ALD) enables an industrially relevant deposition of high-quality aluminum oxide (Al 2 O 3 ) films for the surface passivation of silicon solar cells. We demonstrate a homogeneous surface passivation at a deposition rate of ~30 nm/min on 15.6×15.6 cm 2 silicon wafers of 10 nm thick Al 2 O 3 layers deposited in a novel inline spatial ALD system. The effective surface recombination velocity on n-type Czochralski-grown (Cz) silicon wafers is shown to be virtually independent of injection level. Surface recombination velocities below 2.9 cm/s and an extremely low interface state density below 8×10 10 eV 1 cm 2 are achieved. We demonstrate that the novel inline spatial ALD system provides the means to integrate Al 2 O 3 passivation layers into industrial solar cells.
Introduction
Aluminum oxide (Al 2 O 3 ) deposited by atomic layer deposition (ALD) provides an outstanding level of surface passivation on both n-and p-type crystalline silicon [1] [2] [3] . Although Al 2 O 3 is an ideal choice for the rear surface passivation of silicon solar cells [4] , its integration into industrial solar cells is hampered by a low throughput. Conventional ALD reactors limit the deposition rate to < 2 nm/min and require extensive handling times. Recently, a spatial ALD concept was proposed [5] , which enables deposition at atmospheric pressure with deposition rates of up to 70 nm/min. The potential of the spatial ALD concept was demonstrated on a proof-of-principle tool on small areas [6] . In this work we investigate the surface passivation with Al 2 O 3 deposited by a novel inline spatial ALD system on large area (15.6×15.6 cm 2 ) silicon wafers at a deposition rate of ~30 nm/min. We demonstrate that spatial ALD provides the means to integrate Al 2 O 3 passivation layers into industrial solar cells.
High-rate spatial atomic layer deposition
In an ALD process a highly conformal, pin-hole free monolayer-by-monolayer coating is achieved by two alternating self-limiting half-reactions of the precursor molecules. In the first half-reaction trimethylaluminum (TMA, [Al(CH 3 ) 3 ] 2 ) molecules react with hydroxyl ( OH) groups attached to the surface, until a saturation of available reaction sites is reached. In the second half-reaction the surface is oxidized by water vapor (thermal ALD) or in an oxygen plasma (plasma-assisted ALD) to form aluminum oxide. A separation of the half-reactions is conventionally implemented by alternate dosing of the process gases combined with an intermediate purging and pumping of the deposition chamber, which limits the growth rate to < 2 nm/min. In a spatial ALD [5] process both half-reactions are spatially separated, as shown by the sketch in Fig. 1 . The wafers move contactlessly on nitrogen gas bearings and pass TMA and water vapor inlets sealed off by a flow of pressurized nitrogen, forming isolated reaction zones. The wafers move back and forth underneath the reactor head, each passage depositing one monolayer of Al 2 O 3 . In this concept no intermediate pumping steps are required, which significantly reduces the duration of each ALD cycle. The deposition rate is determined by the cycle rate of the wafer in the reactor, enabling deposition rates of up to 70 nm/min. In a conventional ALD reactor operating under vacuum conditions, pump and vent times can severely limit the wafer throughput. As the spatial ALD concept works under atmospheric pressure, any pump or vent times are avoided.
A process development tool (PDT) manufactured by SoLayTec was employed to assess the passivation quality of Al 2 O 3 films deposited by spatial ALD. In the PDT the wafer is heated to 200 °C in 6 seconds, and is then cycled through the core reactor sketched in Fig. 1 at a rate of 2 Hz, resulting in a deposition rate of 4 monolayers per second, or ~30 nm/min. If the desired number of ALD cycles -and correspondingly the desired layer thickness -is reached, the wafer is ejected from the core reactor and is cooled down for 30 seconds on a cooling track. During this time the next wafer can already be processed in the core reactor. We use 4 Ωcm n-type Czochralski-grown (Cz) silicon wafers with a size of 15.6 × 15.6 cm² (full-square), which were etched to a thickness of 180±15 µm in an aqueous KOH solution and received a standard RCA clean. Al 2 O 3 films with a thickness of 10, 30 and 200 nm, respectively, were deposited on both wafer surfaces by spatial ALD, and were subsequently annealed at 350 °C for 30 min in a nitrogen ambient to activate the passivation. In addition, four wafers were passivated with 10 nm of Al 2 O 3 deposited by plasma-assisted ALD in an Oxford FlexAL™ reactor and annealed at 425 °C for 15 min. These wafers serve as a reference, as Al 2 O 3 deposited by plasma-assisted ALD is known to yield extremely low surface recombination velocities on lowly doped n-type silicon [2, 3] . Fig. 1 . Sketch of the spatial ALD concept [5] . The TMA and water half-reaction zones are separated by nitrogen curtains. Contactless transport of the wafer is facilitated by nitrogen gas bearings below the wafer.
Effective surface recombination velocity
A camera-based dynamic infrared lifetime mapping (ILM) technique [7] provides a fast analysis of the lateral uniformity of the surface passivation achieved by spatial ALD of Al 2 O 3 . In the dynamic ILM analysis, wafers are exposed to a constant illumination intensity, which has to be carefully set to compare lifetime mappings of different wafers at a similar injection density ∆n. In addition it should be kept in mind that the local injection density ∆n might vary over the wafer area. The injection-density-dependent effective lifetime τ eff (∆n) is measured by transient photoconductance decay (PCD) using a Sinton Instruments WCT-120 lifetime tester in the transient mode, with the wafers centered over the sensor area. The corresponding maximum effective surface recombination velocity (SRV) S eff.max is calculated from the measured τ eff using the equation S eff.max = W/(2 τ eff ) [8] , where W = 180 μm is the mean wafer thickness. The bulk lifetime was assumed to be infinite. We combine both measurement techniquesdynamic ILM and transient PCD -in this study in order to gain information about both the spatial variations and the injection density dependence of the effective lifetime τ eff .
Figure 2(a) shows the effective lifetime τ eff measured by dynamic ILM and averaged over the wafer area, excluding ~0.5 cm around the wafer edges. The error bars denote the minimum and maximum lifetime values recorded within this area. The spatially resolved lifetime mappings corresponding to the data points are shown in Fig. 2(b) for the samples passivated by spatial ALD. The reference wafers passivated by plasma-assisted ALD yield effective lifetimes at a mean injection density of ∆n = (1-2) × 10 15 cm 3 between 4.2 and 10.2 ms, corresponding to a maximum effective SRV of S eff.max = 0.9 -2.2 cm/s. A comparable level of surface passivation is achieved with 10 nm of Al 2 O 3 deposited by highrate spatial ALD, yielding effective lifetimes between 3.1 and 8.1 ms (S eff.max = 1.1 -2.9 cm/s). A slight degradation of the effective lifetime along two parallel stripes might be attributed to the wafer handling prior to or during deposition. Adjustments to the wafer handling hence promise to further improve the already excellent surface passivation quality. We observe a reduced effective lifetime for an Al 2 O 3 thickness exceeding 10 nm. For a film thickness of 30 nm this effect is marginal, yielding effective lifetimes between 1.4 and 4.5 ms (S eff.max = 2.0 -6.5 cm/s). For a film thickness of 200 nm, however, we measure significantly reduced effective lifetimes between 300 µs and 1.1 ms, corresponding to S eff.max = 8.2 -30.5 cm/s. The reasons for the degradation of surface passivation quality with increasing film thickness are not yet fully understood and are currently under investigation. As this effect is absent prior to annealing of the lifetime samples, the degradation might be related to thermal stress and the accompanying damage to the Si/Al 2 O 3 interface induced during thermal treatment. The reduced lifetime for thick Al 2 O 3 layers, however, is of no concern for the industrial fabrication of solar cells, as such thick layers of Al 2 O 3 are usually not desired. Superior optical properties and firing stability are obtained with a stack system comprising a thin (~10 nm) Al 2 O 3 passivation layer deposited by ALD and a thicker capping layer, commonly of hydrogenated amorphous SiN x deposited by plasma-enhanced chemical vapor deposition (PECVD) [9, 10] .
The dependence of the surface passivation quality on injection density ∆n is addressed in Fig. 3 . Figure  3(a) shows the effective lifetime τ eff and maximum effective SRV S eff.max as a function of injection density ∆n measured by transient PCD. In agreement with Fig. 2 Taking into account that the same shape of the τ eff (∆n) curve is observed for all samples including the references passivated by plasma-assisted ALD, the slight decrease in effective lifetime for low injection densities is most likely attributed to the influence of the bulk material. Two samples with an Al 2 O 3 thickness of 10 nm (blue triangles) and 200 nm are analyzed in more detail. For these samples Fig. 3(b) shows the τ eff (∆n) data obtained by transient PCD together with lifetime values extracted from spatially resolved lifetime mappings as described above. Accordingly, each data point in Fig. 3(b) corresponds to a single ILM image in Fig. 3(c) . Although a quantitative analysis is beyond the scope of this paper, the minimum lifetime given by the lower error bar appears to drop faster with decreasing injection density ∆n then does the maximum lifetime given by the upper error bar. Since the ILM images show a similar spatial lifetime distribution for all injection densities, the injection level dependence of the effective lifetime seems to be independent of spatial position, but is more pronounced in low-lifetime regions.
Interface state density of the Si/Al 2 O 3 interface
We investigate the interface state density D it at the Si/Al 2 O 3 interface as a function of energetic position in the silicon bandgap by capacitance -voltage (C-V) analysis. For the C-V test samples Al 2 O 3 was deposited only on the front side of the wafers, which were subsequently laser-cut in 2.5×2.5 cm² pieces. For the C-V measurements the Al 2 O 3 layers were not annealed. Circular aluminum gate contacts were defined on top of the Al 2 O 3 film by thermal evaporation through a shadow mask. A full-area aluminum back contact was evaporated on the rear side. Figure 4 2 expected from a comparative study (not shown here), the deviation is attributed to a reduced high-frequency capacitance, presumably due to large series and contact resistances. The interface state density D it is extracted from the difference between the quasi-static and the high-frequency capacitance, an erroneously low high-frequency capacitance hence yields an interface state density exceeding the actual value. Taking this into account, the values reported here represent an upper bound D it.max to the actual interface state density D it . The maximum interface state density D it.max corresponding to the measurement in Fig. 4(a) is shown in Fig. 4(b) as a function of energetic position E = E t E v of the trap level relative to the silicon valence band edge. Averaged over a range of ±3k B T around the middle of the bandgap we obtain a maximum midgap interface state density of D it.max.midgap = (7±1)×10 10 eV 1 cm 2 , which is an exceptionally low value below D it values obtained by plasma-assisted ALD [11] .
Conclusions
We have demonstrated an excellent level of surface passivation provided by Al 2 O 3 deposited by spatial ALD in an inline reactor at a deposition rate of ~30 nm/min. The surface recombination velocity was shown to be virtually independent of injection level, and S eff.max values below 10 cm/s were obtained for . We conclude that spatial ALD provides a promising tool for the integration of Al 2 O 3 passivation layers into industrial solar cells.
